Abstract: Neurons in primary visual cortex (V1) integrate across the representation of the visual field through networks of long-range projecting pyramidal neurons. These projections, which originate from within V1 and through feedback from higher visual areas, are likely to play a key role in such visual processes as low contrast facilitation and extraclassical surround suppression. The extent of the visual field representation covered by feedback is generally much larger than that covered through monosynaptic horizontal connections within V1, and, although it may be possible that multisynaptic horizontal connections across V1 could also lead to more widespread spatial integration, nothing is known regarding such circuits. In this study, we used injections of the CVS-11 strain of rabies virus to examine disynaptic long-range horizontal connections within macaque monkey V1. Injections were made around the representation of 5° eccentricity in the lower visual field. Along the opercular surface of V1, we found that the majority of connected neurons extended up to 8 mm in most layers, consistent with twice the typically reported distances of monosynaptic connections. In addition, mainly in layer 6, a steady presence of connected neurons within V1 was observed up to 16 mm away. A relatively high percentage of these connected neurons had large-diameter somata characteristic of Meynert cells, which are known to project as far as 8 mm individually. Several neurons, predominantly in layer 6, were also found deep within the calcarine sulcus, reaching as far as 20° of eccentricity, based on estimates, and extending well into the upper visual field representation. Thus, our anatomical results provide evidence for a wide-ranging disynaptic circuit within V1, mediated largely through layer 6, that accounts for integration across a large region of the visual field.
Introduction
In primary visual cortex (V1), pyramidal neurons send axons laterally, forming an extensive horizontal lattice of connectivity within the superficial and deep layers. [1] [2] [3] [4] [5] [6] In higher visual species such as carnivore, primate, and tree shrew, horizontal connections are strikingly patchy and link together neurons found in similar orientation columns, [7] [8] [9] [10] [11] [12] [13] providing a network that may lead to facilitation of responses at low stimulus contrast [14] [15] [16] [17] and enhanced selectivity to stimulus orientation. 16, [18] [19] [20] In addition, because long-range lateral connections can integrate across the visual field representation, they are capable of providing a global context important for processing of visual scenes. [21] [22] [23] [24] One such process studied extensively in both monkey and cat is that of extraclassical surround suppression, 15, 16, 19, 23, [25] [26] [27] [28] [29] which may be mediated indirectly through long-range lateral connections originating from excitatory pyramidal cells synapsing onto local inhibitory neurons, 13, [30] [31] [32] or even directly through a subtype of 33 However, the role of intrinsic V1 connections in surround suppression has been called into question. 15, [34] [35] [36] This is because, even though longrange connections typically extend up to 3-4 mm, the region of visual space covered in V1 is relatively small compared to the full extent of the extraclassical surround. 12, 14, 37 Instead of long-range lateral connections, feedback from higher visual areas has been proposed as a more likely source of inputs to the full extraclassical surround, since the extent of the visual field representation covered by feedback is generally much larger. 14, 38 Through this circuit, surround suppression could be mediated via excitatory feedback projections synapsing onto local inhibitory neurons, 39 for which there is anatomical support, although the occurrence of feedback neurons synapsing onto local inhibitory cells is significantly lower than onto local excitatory neurons. [40] [41] [42] Nevertheless, it is just as possible that the full extent of the extraclassical surround could be covered by a string of multisynaptic long-range lateral connections within V1.
In this study, we used a transneuronal rabies virus and limited the transport time to 72 hours to determine the extent of intrinsic V1 connections across two synapses. We found that the majority of connected neurons extended up to 8 mm in layers 2/3, 4A, 4B, 5, and 6, consistent with twice the typically reported distances of monosynaptic connections. 6, 14 An additional, steady presence of neurons was found up to 16 mm away, most prominently in layer 6. Moreover, several neurons, also predominantly in layer 6, were found deep within the calcarine sulcus. A relatively high percentage of these long-range layer 6 neurons had large cell body sizes characteristic of Meynert cells [43] [44] [45] [46] -cells that can project as far as 8 mm individually. 47 Our anatomical results show that a disynaptic horizontal network within layer 6 is capable of reaching at least twice as far as the previously reported maximum distance for monosynaptic Meynert cell projections, allowing for integration across a large region of the visual field independent of feedback from higher visual areas.
Methods

Surgical procedures
One adult male macaque monkey was used following procedures approved by the Salk Institute Animal Care and Use Committee. Procedures involving rabies virus were conducted using biosafety level 2 precautions as described elsewhere. 48 The animal was anesthetized as previously described 49 and placed in a stereotaxic head frame. Under sterile conditions, the dorsolateral surface of V1 of the right hemisphere was exposed, and injections of the challenge virus strain-11 ([CVS-11] see Rabies virus strain and speed of transport section) of rabies virus were made at six locations spaced ∼2 mm apart, forming a 2×3 grid just lateral to the medial lip in a region corresponding to ∼5° of eccentricity in the lower visual quadrant (see Figure 1) . At each location, 0.3 µL of rabies virus was injected at three depths spaced by 0.7 mm (0.7, 1.4, and 2.1 mm deep) using a glass pipette (tip diameter ∼30 µm) attached to a Pneumatic Pico Pump (PV820; World Precision Instruments, Sarasota, FL, USA). Injections were placed first at the deepest penetration (2.1 mm) and then moved upward toward the surface for the subsequent injections.
rabies virus strain and speed of transport A 72-hour survival time following injections of the CVS-11 strain of rabies virus into V1 was used to allow disynaptic retrograde transport. Different preparations of rabies virus spread through the nervous system at different rates depending on the passage history of the virus. 48, 50, 51 The CVS-11 rabies virus strain that we used here was passaged four times in mouse brain, followed by five times in cultured chicken embryo-related cells, and had a titer of 1×10 4 plaque-forming units (PFU)/mL (supplied by Dr Donald Lodmell, National Institutes of Health/National Institute of Allergy and Infectious Diseases, Rocky Mountain Laboratory, Hamilton, MT, USA). The titer of our virus (∼1×10 7 PFU/mL) was lower than that of the CVS-11 virus used by Kelly and Strick, 52 who confirmed that a 72-hour survival time limited infection to second-order neurons. Similar controls for our lowertiter virus were used in three previous publications. 49, 53, 54 Therefore, it is highly unlikely that our lower-titer virus would have infected beyond two synapses.
histology
After the 72-hour survival time, the animal was sacrificed and perfused transcardially, first with saline and then with 4% paraformaldehyde in phosphate buffer (pH 7.4). The brain was removed, then postfixed and cryopreserved overnight in 4% paraformaldehyde and 30% sucrose in phosphate buffer. The brain was then kept in 30% sucrose without 4% paraformaldehyde for another 5 days. Brain sections were cut coronally at 40 µm on a freezing microtome. Every sixth section was processed for cytochrome oxidase (CO), 55 and then for the rabies nucleocapsid protein to reveal rabies virus-infected neurons. For this, immunohistochemistry was performed using the anti-nucleocapsid mouse monoclonal antibody (gifted by Dr Donald Lodmell) and the biotinylated horse anti-mouse secondary antibody (Vector Labs, Burlingame, 
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long-range disynaptic V1 connections CA, USA) and revealed through a diaminobenzidine reaction. V1 was identified through distinct CO staining patterns, including a thick, CO dark layer 4C (using the terminology of Brodmann 56 ), corresponding to the main geniculate input layer, and a thin, CO dark layer 4A (see Figure 1D ).
Data analysis
Every 24th section throughout the entire V1 region, and every 12th section near the injection sites, was examined for rabieslabeled neurons. Infected neurons were identified and plotted under bright-field illumination using a Zeiss Axioplan microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) at low magnification (×10 objective, 0.45 NA) and a high-power digital camera (Cooke SensiCam QE; PCO-TECH Inc., Romulus, MI, USA) to send live images to a Neurolucida computerized reconstruction system (MBF Bioscience, Williston, VT, USA). Reconstructions of the laminar boundaries of V1 were aided by CO staining of the same sections that were stained for rabies nucleocapsid (for examples, see Figures 1C, 2, and 3) . In every section, cell counts were made for each layer and the number multiplied by 12 or 24 to provide an interpolated count, since one in 12 (near injection sites) or one in 24 sections were sampled. The distance of each neuron from the lateralmost or medialmost injection sites were also determined at 0.5 mm increments for neurons found on the opercular surface and immediately adjacent along the medial wall (see examples of distance measurements in Figure 3A ). Note that, because rabies virus does not leave an injection-site halo, 57 the uptake region from each injection site was estimated to have a radius of 0.5 mm. The distance of each counted neuron is relative to this estimated edge of the injection, not to the center of the injection track.
Pyramidal neurons with cell somata .30 µm in diameter were labeled as "large" cells and identified within Neurolucida using an open circular curser size set to a 30 µm diameter; cells ,30 µm were considered "small". The 30 µm diameter was chosen as a conservative estimate of layer 6 Meynert cells and is based on previous reports showing that their average diameter is 22.3 µm, whereas the typical diameter of all other pyramidal neuron somata (in primary visual cortex) is around 13 µm. 43 Even though large diameters can be useful for identifying Meynert cells, not all Meynert cells necessarily have large cell bodies. 58 Therefore, our numbers of this cell type based on cell body diameter alone is likely to be an underestimate. In addition to layer 6 Meynert cells, we also identified a relatively small number of largediameter pyramidal neurons in layer 4B, likely corresponding to Meynert-Cajal cells as reported by others. 45, 46 Digital images shown in Figures 1-3 were captured by the Cooke SensiCam and were cropped and adjusted for brightness and contrast in Canvas software (version 11; ACD Systems International Inc., Seattle, WA, USA). None of the images was altered in any other way.
Results
To determine the extent of disynaptic long-range lateral connections within V1, we made several injections of the CVS-11 strain of rabies virus within a small 2×3 grid, covering 2×4 mm on the dorsal lateral surface of V1 in one hemisphere of a macaque monkey ( Figure 1A ). The injected region was estimated to be just within 5° of the lower visual field representation, nearer to the vertical meridian ( Figure 1B ). An example of rabies virus infection near one of the injection sites is shown in Figure 1C , where dense clusters of rabiesinfected neurons are visible in layers 2/3-6. Note that, unlike traditional neuronal tracers, rabies virus does not leave a halo, making injected locations less prominent. 57 Nevertheless, this site could be verified based on the surface perturbation caused by the needle insertion and the denser clusters of infected neurons.
Reconstructions of entire coronal sections containing parts of several of the injection sites (black arrowheads) are shown in Figures 2 and 3 . In each of these 40 µm-thick sections, which are composed almost entirely of V1, retrogradely connected neurons, while far more numerous within a few millimeters of the injections, are nevertheless found throughout the extent of V1, including along the lateral pole more than 18 mm away and within the lower bank of the calcarine sulcus. Infected neurons located nearer to the injection sites are more likely to represent both mono-and disynaptically labeled neurons, whereas neurons located further from the injection site are increasingly more likely to represent disynaptically labeled neurons. This is especially the case for neurons found further than 4 mm or 8 mm away, which represent the longest range reported for monosynaptic lateral connections in V1 6,14,47 for layers 2-5 and layer 6, respectively (see "Discussion"). Examining the laminar distributions, infected neurons were found at long range in all layers, but had a distinctive presence in layer 6 (Figures 2 and 3 [green line indicates the layer 5/6 border]), particularly beyond 4 mm. Also notable was the prevalence of neurons with relatively large-diameter somata in layer 6 (Figures 2A and D and 3A [displayed as gray triangles]), compared to other layers. For example, the cell bodies of the layer 6 pyramidal neurons shown in Figure 3D are each over 30 µm in diameter, more than twice the diameter of most neurons found in more superficial layers ( Figure 3C ). Based on their large size and laminar position, these neurons can be classified as Meynert cells (see "Methods" and "Discussion").
To examine the laminar pattern of long-range connections throughout more than 450 coronal sections containing V1, the position of every rabies-infected neuron was plotted for every 24th section (960 µm intervals). Near the injection sites, every 12th section was analyzed (sections 85-157). In all, infected V1 cells were found in 24 sections spanning over 20 mm from anterior to posterior. A sample of these sections is shown in Figure 4 , where V1 can be distinguished by the parallel red lines used to delineate layer 4C. The relative distance of each labeled neuron from the lateral-and medial-most injection sites was determined for neurons located along the opercular surface and medial wall. For detailed examples of cell distances from the medial-and lateralmost injection sites, refer to section 109 shown in Figure 3A . The results of this analysis are given for different layers in Figure 5 . In layers 2/3, 4B, and 6, there is a large number of neurons within the first 0.5 mm, ∼3,200 in layer 6, and ∼1,200-1,600 in layers 4B and 2/3, respectively ( Figure 5A, C and F) . The number gradually declines to about 400 cells in each of these three layers at around 3.5-4 mm, then plateaus somewhat until about the 8 mm mark. In the remaining layers, the number of neurons is fewer, but also extends to 4 mm for layer 4A ( Figure 5B ) and to 8 mm for layers 4C and 5 ( Figure 5D and E). Beyond 8 mm, especially within layer 6, a number of connected neurons within V1 were observed up to 16 mm away ( Figure 5F ). A relatively high number of very-long-range layer 6 neurons had large somata ( Figure 5L ) characteristic of Meynert cells. [43] [44] [45] [46] These large-diameter neurons were virtually absent from all other layers except for a sporadic distribution in layer 4B ( Figure 5I) .
The laminar position of infected neurons found in the calcarine sulcus was also tabulated. For these cells, distances from the injection sites were not considered because of the difficulties in knowing the direct paths taken through the convolutions of the calcarine sulcus. Nevertheless, cells in the calcarine can be considered to be further than 8 mm away, based on the distance shown in Figure 3A . Figure 6 graphs the interpolated numbers of cells found in the calcarine sulcus and their distribution across layers. The most neurons were found in layer 6 (n=5,904). Fewer cells were found in layer 4B (n=2,928) and in layer 5 (n=1,248), with fewer still in layers 2/3 (n=432), 4A (n=264), and 4C (n=144). In layer 6, 26% of the infected neurons had somata over 30 µm in diameter, whereas in the only other layer with such large cells, layer 4B, these cells made up 5% of the labeled population.
Using the full series of reconstructions, we made an estimate of the range of the visual field representation covered in V1. This estimate was based on the detailed receptive field maps provided by Van Essen et al 59 and Weller and Kaas 60 that could be easily related to identifiable landmarks within the calcarine sulcus and along the opercular surface. As shown in Figure 7 , stemming from the injection at ∼5° eccentricity in the lower visual field, disynaptic connections within V1 spanned 2°-20° of the visual field, and were found well within the upper field representation. Cells corresponding to the 20° representation of the visual field were found more than halfway through the anterior-posterior extent of the calcarine sulcus, on both the upper (lower visual field representation) and lower (upper field) banks of the calcarine (see sections 229-371 in Figure 4 ). As noted above, most of these cells are located in layer 6 and several of them have large-diameter somata characteristic of Meynert cells (large gray triangles in Figure 4) . Similarly, cells found most anteriorly on the opercular surface, near the representation of 2° in eccentricity, are shown in section 277 (Figure 4) , are mainly found in layer 6, and are similar in size to Meynert cells (see also Figure 5L ). 
Discussion
By using the CVS-11 strain of rabies virus as a transneuronal tracer, we were able to determine the length and laminar distribution of disynaptic long-range horizontal connections within macaque monkey V1. We found that the number of connected neurons in all layers was highest within 0.5 mm of the injection site and steadily declined over the first 4 mm. Between 4 and 8 mm, fewer neurons were found in most layers, but the number of cells in layer 6 remained relatively high. Beyond 8 mm, a steady presence of connected neurons was observed up to 16 mm away, primarily in layer 6. Between 4 and 16 mm, a relatively high percentage of these layer 6 neurons had large soma sizes characteristic of Meynert cells. [43] [44] [45] [46] Several neurons, the majority of which were in layer 6, were also found deep within the calcarine sulcus, reaching as far as 20° in eccentricity and extending well into the upper visual field representation. These anatomical results provide evidence for a far-ranging disynaptic circuit within V1, mediated in large part through layer 6, that accounts for integration across a wide expanse of the visual field. While we are unable to differentiate monosynaptic from disynaptic long-range lateral connected neurons, previous work using traditional monosynaptic tracers indicates that long-range connected neurons are typically found up to 3-4 mm from the injection site, 6, 14, 37 with a subpopulation of layer 6 Meynert cells projecting as far as 8 mm. 47 Therefore, the densest connectivity within the first 4-8 mm in our results is largely consistent with monosynaptic connectivity Figure 7 The region of visual space covered by the very-long-range disynaptic connections is shown on an unfolded, two-dimensional view of the V1 surface. Notes: iso-eccentricity contours from 2.5° to 80° and the hM are shown, and are based on the summary of V1 retinotopy provided in Van Essen et al. 59 The light gray oval represents the injection sites. The dark gray shading represents the spread of rabies-labeled neurons found for layer 6. The spread for layer 5 and for layers superficial to layer 4C were less extensive and are not shown. Upper and lower visual fields are indicated by + and -, respectively. The scale bar is 1 cm. Abbreviations: hM, horizontal meridian; V1, primary visual cortex.
(0-4 mm), and subsequent disynaptically labeled inputs (4-8 mm) to these monosynaptically connected neurons, with some of the neurons between 4 and 8 mm likely being monosynaptically labeled Meynert cells. In contrast, the sparser labeling of neurons between 8 and 16 mm likely reflects disynaptic rabies virus infection only and should involve the longer-range projecting Meynert cells, as either the first-and/or second-order neuron infected. Indeed, of the putative disynaptically connected neurons found further than 8 mm away, most were located in layer 6, and a high proportion were identified as Meynert cells based on their large cell body diameter (Figures 5L and 6 ).
An alternative, or additional, explanation could be that these longer-range (.8 mm away) layer 6 neurons were infected through a feedback loop between higher visual areas, such as the middle temporal visual area (MT), to which layer 6 neurons project. 44, 54, 58, 61 While there is no direct evidence for such a disynaptic circuit, this may help explain the handful of neurons found even further away than 16 mm. With our tracing approach, there is no way to rule out this alternative. Nevertheless, the documented distance of up to 8 mm for lateral axon projections of layer 6 Meynert cells 47 correlates well with a disynaptic explanation of the ∼16 mm we observed in layer 6.
The significance of this very-long-range disynaptic circuit is that, through V1 alone, the full extent of the extraclassical surround is covered. That is, while 3-4 mm-long projections make up the majority of the horizontal connections and can be tied only to the small, "near" component of the extraclassical surround (see [14] [15] [16] ), the longer projections of up to 8 mm reported for layer 6 Meynert cells, 47 and the very long disynaptic projections we find here, cover up to four times that of the near surround. Accordingly, these disynaptic projections covered 2°-20° of the visual field (Figure 7) , comparable to the visual field range covered by feedback.
14 This is not to say that feedback connections do not also play a role in surround modulation of V1 neurons. There is both a fast 62, 63 and a slower 19, 27, 63 emerging component of the surround. Long-range lateral connections are unmyelinated, therefore the signal transmits too slowly [64] [65] [66] (∼0.1-0.2 mm/millisecond) to account for early effects, 62 Eye and Brain 2014:6 (Suppl 1) 63, 67 and feedback circuits. 14, 15, 62 In contrast, the slower surround component builds in strength over 70 milliseconds or more and is consistent with longrange lateral connections arising from mono-or disynaptic distances over 7 mm. 19 Consistent with our anatomical results, neurophysiological recordings have found that some layer 6 neurons in cat and monkey V1 integrate across a wider visual field representation than other neurons in more superficial layers. 25, 27, [68] [69] [70] [71] [72] For example, we recently showed that ∼20% of infragranular layer neurons respond maximally to drifting grating apertures as large as 30° -significantly larger than other neurons within the same cortical columns by more than 3 times (see Figure 6 Liu et al 27 ). The cells' preference for this large stimulus was a result of a facilitative surround that emerged slowly, over a 100-millisecond time window, more consistent with slower propagation speeds of long-range lateral connections than faster feedback from higher visual areas. Within layer 6, therefore, long-range disynaptic connections between excitatory Meynert cells may be feeding this slowly emerging facilitative surround. In contrast, this integration across visual space in layer 6 may lead to later emerging suppression for neurons found in other layers. 27 For example, when layer 6 neurons in cat and mouse V1 are inactivated, this leads to a net excitatory effect on more superficial neurons; [73] [74] [75] [76] however, others have found the opposite effect for certain superficial layer cell types, such as hypercomplex cells, 77 in which responses are attenuated by layer 6 inactivation. Exactly what type of impact layer 6 has on different superficial cell types, and whether or not these ascending circuits are a part of this very-long-range lateral network we observed in macaque monkey V1, remains to be determined.
In a wide range of species, V1 neurons in layer 6 consist of several subtypes and are involved in numerous circuits, providing inputs to the lateral geniculate nucleus, pulvinar, claustrum, the reticular formation, superficial cortical layers within the cortical column, and higher visual areas (reviewed Thomson 78 ). While several of these cell types are likely to be involved in long-range lateral connections, Meynert cells may play a highly specialized role. In primates, for example, Meynert cells are the only layer 6 cells that project to MT, 44, 58 providing direction-selective inputs 79 to this motion-sensitive region. 80, 81 Though not demonstrated in the same neurons, the direction selectivity of Meynert cells 79 and their potential to integrate over a wide expanse of the visual field 47 has led some to speculate that such cells serve as an anatomical substrate for predator detection. 82 Consistent with this idea, many of the same MT-projecting Meynert cells also send axon collaterals to the superior colliculus 44, 58 that are likely to contribute to visually guided search behavior. In addition, layer 6 Meynert cells are implicated in the most direct feedforward relay of magnocellular and parvocellular inputs from the LGN to the MT. 54 This convergence of magno-and parvocellular inputs early in V1, and subsequent direct projection to the MT, may be instrumental in relaying a quick signal that covers a more complete range of spatial, temporal, luminance, and chromatic contrasts provided by the two LGN cell types, thus enhancing the effectiveness of a global early warning system.
